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The Influence of Five Alternative Myosin Converter Domains on
Drosophila Muscle Mechanical Properties
Seemanti Ramanath, Qian Wang, Bernadette Glasheen, Debra Sheppard,
Douglas M. Swank.
Rensselaer Polytechnic Institute, Troy, NY, USA.
In Drosophila, alternatively spliced myosin isoforms containing five different
converter sequences (11A-11E) are expressed in a diverse range of muscle
types including the superfast indirect flight muscle (IFM), jump muscle and
slow embryonic muscles. We measured the converter’s influence on IFM fiber
mechanical properties such as maximum power output (Pmax), frequency of
maximum power output (Fmax), strain for maximum power output (AMP),
stretch activated tension (Fsa) and mechanical rate constants 2pib and 2pic.
Using the work loop technique to impose muscle strain amplitudes that simu-
late in vivo conditions, we found that transgenically replacing the IFM-11A
converter with the embryonic-11D version significantly reduced Pmax by
41%, decreased Fmax by 63%, and increased AMP by 100%. However, no
change in Fsa was detected for the IFM fibers expressing the 11D converter.
Preliminary results from transgenic substitution of the IFM-11A converter
with the embryonic-11E version showed a 50% reduction in Pmax and
a 57% reduction in Fmax compared to control muscle fibers. The mechanical
rate constant 2pib, determined by sinusoidal analysis, was reduced by 55%
by substituting the 11D converter and by 68% by substituting the 11E converter
into the IFM myosin isoform. The mechanical rate constant 2pic, increased by
more than 50% after substitution of 11D and about 100% with the 11E con-
verter switched into the IFM myosin isoform. These results are physiologically
significant as we observed decreased wing beat frequencies of 11% for the 11D,
15% for 11E and decreased flight performance for the 11D fly line at 15C. We
conclude that the five converter versions provide for a wide variation in muscle
mechanical properties between muscle fiber types.
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Myosin Kinetics Influence Force Depression in Drosophila Jump Muscle
Ryan A. Koppes, Douglas M. Swank, David T. Corr.
Rensselaer Polytechnic Institute, Troy, NY, USA.
Force Depression (FD), a history-dependent phenomenon observed in skeletal
muscle, is characterized by a decrease in force production after active shorten-
ing compared to an isometric contraction at the corresponding final length. FD
measured at steady-state (FDss) increases with larger shortening amplitudes,
and decreases with increasing shortening rates. Furthermore, an increase in
FDss is associated with a slower rate of force redevelopment following active
shortening. Despite these experimental characterizations, the underlying mech-
anism(s) of FD remain unknown. We have demonstrated that Drosophila’s
Tergal Depressor of the Trochantor (TDT), or jump muscle, is mechanically
similar to mammalian skeletal muscle. More recently, we showed that the
TDT exhibits both transient and steady-state aspects of FD, and that both of
these aspects, as well as their variations with amplitude and speed of shorten-
ing, were similar to mammalian skeletal muscle. Thus, the jump muscle is an
excellent model to study FD. When coupled with our ability to genetically ma-
nipulate the sarcomeric structure and kinetics through transgene expression, the
TDT allows unprecedented insight into the underlying mechanism(s) of FD.
This study investigates the effect of slower myosin kinetics on both transient
and steady-state aspects of FD in the TDT. A slower embryonic myosin isoform
(EMB) has been transgenically expressed in jump muscle. A battery of active
shortenings (3 amplitudes, 3 speeds) was performed to determine the influence
of shortening amplitude and shortening rate on both the transient and steady-
state aspects of FD, in both wild-type and jump muscle expressing EMB.
EMB-expressing TDTs showed nearly twice the amount of FD across all active
shortenings with slower rates of force redevelopment when compared to TDTs
with wild-type myosin. These results strongly implicate myosin kinetics at the
core of the underlying FD mechanism.
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Biochemical Diversity of Human Skeletal Muscle
Timothy F. Tirrell1,2, Mark Cook3, John A. Carr1, Anthony J. Choi1,
Evie Lin1, Mary C. Esparza1, Samuel R. Ward1, Richard L. Lieber1,2.
1University of California, San Diego, San Diego, CA, USA, 2Department of
Veterans Affairs Medical Centers, San Diego, CA, USA, 3University of
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INTRODUCTION
The molecular components largely responsible for muscle attributes such as
passive tension development (titin and collagen), active tension development(myosin heavy chain [MHC]), and mechanosensitive signaling (titin) are
well studied in animals. We performed a comprehensive analysis of these com-
ponents in human muscle to search for common themes and trends in the mus-
cular organization of the human body.
METHODS
599 biopsies from 6 donors were obtained early postmortem. Three assays were
performed on each biopsy - titin molecular weight determination (n=586),
hydroxyproline content (a surrogate for collagen content) (n=599), and MHC
isoform distribution (n=599).
Muscles were analyzed individually and in functional groups. Analysis of
variance (ANOVA) was used to compare individual muscles and discriminant
function analysis (DFA) was used to determine which dependent variables were
the best predictors of muscle group.
RESULTS
DFA demonstrated that titin MW was the strongest predictive factor of
anatomic region and muscle functional group.
On average, human muscles were very ‘‘slow’’ (i.e., had more slow- myosin
than muscles of lower mammals). Average % MHC-1 of muscles in this study
was 65% (compare to 6% for mouse, 8% for rat, and 19% for rabbit). Overall,
larger titins were associated with faster muscles.
DISCUSSION:
The finding that titin was the strongest discriminating factor for DFA with
anatomic region and muscle functional group as grouping variables is unex-
pected; titin is currently primarily considered to be a signal transduction
cascade activator or determinant of passive tension. The idea that titin MW
is a good predictor of muscle anatomic localization is previously unexplored
and warrants further study.
The titin-% MHC-1 relationship we observed is opposite to that previously
reported in rabbits, where large titins were associated with slower muscles.
This may represent a different design paradigm in human vs rabbit muscular
organization.
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Extracellular Adaptations to Altered Force Transmission in Muscle Cells
Gretchen Meyer, Richard Lieber.
University of California, San Diego, San Diego, CA, USA.
Interaction between active force generating components and passive extracel-
lular matrix (ECM) force transmitting components provides skeletal muscle
with its characteristic biomechanical properties, enabling it to produce work
and resist extension. However, the mechanisms behind this ‘‘communication’’
and the cellular structures that enable it are poorly understood. Desmin is an
intermediate filament protein integral to the muscle fiber cytoskeleton. It is
thought to be involved in stabilizing the contractile apparatus and transmitting
force between the cytoskeleton and the ECM. In this study, we investigated the
effects of desmin deletion (des-/-) on the composition and mechanical proper-
ties of the cellular and extracellular components of muscle.
We found that, while des-/- and wt muscles have identical fiber and bundle
(fibersþECM) material properties at birth, these properties diverge becoming
disparate with age. Specifically, des-/- fibers become more compliant compared
to wt fibers (tangent modulus: 42.856 kPa/um and 66.857 kPa/um respec-
tively), while des-/- bundles become progressively stiffer compared to wt
(tangent modulus: 193.3519 kPa/um and 129513 kPa/um respectively).
This result suggests that des-/- muscles are chronically altering their ECM.
Evidence supporting this hypothesis was provided by significantly increased
collagen protein content (des-/-: 8.051 ug/mg, wt: 3.451 ug/mg), ECM
area fraction (des-/-: 15.151%, wt: 10.551%) and fibrosis-related gene
expression patterns in des-/- muscle compared with wt. Additionally, signifi-
cantly increased numbers of centrally nucleated fibers (des-/-: 5.650.5%,
wt: 0.750.2%) and inflammatory gene expression patterns in des-/- muscle
suggest that an increased susceptibility to injury in des-/- fibers may underlie
the measured fibrotic response. Thus, in this study, we identify a possible causal
relationship between increased cellular compliance, due to reduction in force
transmission and stabilization by desmin, and the proliferative response of
the extracellular matrix cellular constituents.
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A Comparison of Single Myofibrils and Single Muscle Fibers from Rabbit
Psoas in Terms of MgATP Binding and Cross-Bridge Detachment Steps
Studied with Sinusoidal Length Perturbations
Bogdan Iorga1, Li Wang2, Robert Stehle1, Gabriele Pfitzer1,
Masataka Kawai2.
1University of Ko¨ln, Ko¨ln, Germany, 2University of Iowa, Iowa City,
IA, USA.
Single myofibrils of 40-70 mm in length and 2-4 mm in diameter were isolated
from rabbit psoas muscle bundles, and cross-bridge kinetics were studied by
Sunday, February 26, 2012 145asmall amplitude (0.2%) length perturbations at 15 frequencies (1-250Hz). The
experiments were performed at 15C in the presence of 0.05-10 mM MgATP,
4 mM KH2PO4, 4 mM K2HPO4, 15 mM Na2CP (creatine phosphate), 200 mM
ionic strength with KAc (acetate), pCa 4.55, and pH 7.0. Two exponential
processes B and C were resolved in tension transients. Their apparent rate con-
stants (2pb and 2pc; b < c) increased ([MgATP]=0.05-1 mM) and saturated
(R1 mM) with an increase in the MgATP concentration. However, they
were close together (1.4x) at [Pi]R4 mM, hence they were combined to deduce
the accurate estimate of the kinetic constants: their sum and product were
analyzed as functions of [MgATP]. These analyses yielded K1=2.91 5
0.31 mM1, k2=288536 s
1, and k-2=10521 s
1 (595% confidence limit,
N=13). These results are consistent with the cross-bridge model: AMþATP
<-> (step 1) AM.ATP <-> (step 2) AþM.ATP. These kinetic constants com-
pare to those observed in single fibers (K1=2.3550.31 mM
1, k2=243522 s
1,
and k-2=6514 s
1; N=8) under the same experimental conditions and analysis
methods. These values are respectively not significantly different from those of
myofibrils, indicating that the same kinetic constants can be deduced from
myofibril and muscle fiber studies in terms of ATP binding and cross-bridge
detachments steps. The fact that in myofibrils K1 is 1.24x of that of fibers,
may be explained by a small concentration gradient of ATP, ADP and/or Pi
in single fibers.
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Muscle Cells from Lancelet: An Emerging Model for Sarcomere Dynamic
Research
Fabian Dettwiler, Irina Agarkova, Jachen Denoth.
ETH Zurich, Zurich, Switzerland.
The sarcomere and its networks are the mechanical driving mechanism of the
animal kingdom. To overcome the fundamental limitations involved (network
size and structural complexity) for the investigation of sarcomere dynamics in
mammalian muscle, a uniquely small contractile system was introduced. The
sarcomere network of lancelet is simply structured and exceptionally small.
The aim of the study was to introduce cells from lancelet for the investigation
of sarcomere function in an intact, self-regulated system.
Cells and myofibrils can be isolated and repeatedly activated. They can be
adhered for force-length experiments and sarcomere tracking.
Mononuclear cells vary in length from 102 to 103 mm and 2-10 mm in diameter.
The network is arranged in 1-20 myofibrils. The structure closely resembles the
mammalian sarcomere having
a rest-length (L0) of 2 mm. Force
response of myofibrils to stretch-
release resembles the behavior of
mammalian myofibrils. Although
the stretch response at 0.4 L0*s
1
exceeds the isometric force by
a factor of five. This is remarkably
high indicating a distinct stabiliza-
tion mechanism. In conclusion
muscle from lancelet is a potential
model for the study of interaction
between sarcomere function and
the behavior of the cell.722-Pos Board B508
Timing and Magnitude of Prestretch Strongly Affect Cardiac Muscle
Tension Development
Jared Tangney1, Stuart Campbell1, Larry Mulligan2, Andrew McCulloch1,
Jeff Omens1.
1UCSD, La Jolla, CA, USA, 2Medtronic, Minneapolis, MN, USA.
Ectopic ventricular pacing leads to regional myocardial prestretch. In-vivo
studies suggest that the timing of prestretch determines the effect on pump
function and can lead to regional wall remodeling. Here we measure the direct
effects of prestretch timing on the magnitude of tension development in
isolated cardiac muscle. Prestretch strongly affected tension development but
primarily during a brief interval of the twitch. The effects of prestretch were
simulated using excised murine right ventricular papillary muscles. A high-
speed computer-controlled motor was used to impose precisely timed stretches,
while a force transducer measured force output and strain was monitored using
a CCD camera and topical markers. The timing of the stretches greatly influ-
enced tension production. A critical stretch timing interval was observed to
begin 25 ms after stimulation and extending until 100 ms after stimulation,
where stretches occurring in this interval exhibited statistically significant in-creases in peak tension of as much as 500%. Muscle shortening occurring in
the critical interval (from stretches initiated prior to stimulation) showed the
opposite effect of stretching in the interval, with peak tension inhibited signif-
icantly by as much as 40%. A simple model showed that the varying impact of
stretch timing could not be explained by time-varying elastance alone. There-
fore, a more detailed and mechanistic myofilament model that included coop-
erative activation (Campbell et al 2010) was refined to include length
dependence and strain-dependent cross-bridge kinetics. By comparing model
results and experimental measurements, the strain history dependent mecha-
nisms of these observations was evaluated. These evaluations have led us to
the conclusion that even prestretches performed at slow physiologic velocities
cause alterations in twitch kinetics that cannot be explained by time varying
elastance.
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Effects of Ca2D Concentration and MgADP on the Forces Produced After
Stretch and Shortening of Skeletal Muscle Fibers
Fabio C. Minozzo, Dilson E. Rassier.
McGill University, Montreal, QC, Canada.
The force produced by skeletal muscles increased after stretch and decreased
after shortening, when compared to isometric contractions developed at corre-
sponding lengths. The aim of this study was to compare the effects of Ca2þ-in-
duced activation and MgADP-induced activation on the force produced after
stretching or shortening. MgADP was used to assess if cross-bridges play
a role in force changes, as it induces strong cross-bridge attachment to the
thin filament. Two sets of experiments were performed with permeabilized fi-
bres isolated from the psoas muscle: (i) fibers were activated at pCa2þ of 4.5
and 6.0, and (ii) fibres were activated at pCa2þ 4.5 before and after adminis-
tration of 5 mM MgADP. In all experiments, fibres were initially activated to
produce isometric contractions at nominal sarcomere lengths (SL) of 2.7,
2.85 and 2.6 mm.When fibers were activated at 2.6 and 2.85 mm (after full force
development was obtained) they were stretched or shortened (5%SL at a speed
of 1.0 SLs1), to reach a final SL of 2.7mm. In all conditions, the force after
stretch was higher than the isometric force at a corresponding length. The level
of force enhancement was lower at pCa2þ 4.5 (14.9þ 5.4%) than at pCa2þ 6.0
(38.8 þ 7.5%). Force did not decrease significantly after shortening at pCa 4.5,
but it decreased by 17.2þ 5.6% at pCa2þ 6.0. The levels of force enhancement
and force depression were not changed when fibres were activated with
MgADP, suggesting that Ca2þ concentration modulates the forces produced
after length changes by mechanisms that are independent of cross-bridges ac-
tivation of the thin filament.
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Contractile Properties of MyocardiumMyofibrils Isolated from Mice with
Heart-Specific Deletion of Arginyl-tRNA-Protein Transferase
Paula A. Ribeiro1, Ivan Pavlov2, Fabio Minozzo2, Nicolae Adrian Leu3,
Satoshi Kurosaka3, Anna Kashina3, Dilson Rassier2.
1Universidade Federal do Rio grande do Sul, Porto Alegre, Brazil,
2McGill University, Montreal, QC, Canada, 3University of Pennsylvania,
Philadelphia, PA, USA.
Protein arginylation is a cellular process catalyzed by arginyl-tRNA-protein
transferase (Ate1). Mice with the Ate1 knockout present high embryonic lethal-
ity and defects in cardiovascular development including myofibril disorganiza-
tion, which may lead to heart disease. In this study we compared passive forces
at sarcomere lengths (SL) between 1.8 and 2.6mm, and contractile properties of
myofibrils isolated from the myocardium muscle conditional knockout mice
with heart-specific deletion of Ate1 with those from wild-type (WT) mice.
The maximal isometric forces were lower in Ate1 KO myofibrils (102.2 5
11.0 nN/mm2) than in WT myofibrils (151.35 11.7 nN/mm2), which was ac-
companied by a downwards shift in the passive force-SL curve, suggesting that
Ate1 KO myofibrils are weaker and less stiff. The rate of force development
(Kact) was similar between groups (Ate1 KO: 3.1 5 0.4 sec1, WT: 3.3 5
0.5 sec1). The rate of force redevelopment (Ktr) following a shortening-
stretch protocol was also similar between groups (Ate1 KO: 4.7 5
2.2 sec1, WT: 6.6 5 0.8 sec1), which suggests that changes in force are
not associated with cross-bridge kinetics and thin filament activation. The rates
of relaxation upon muscle deactivation (Krel) was similar among groups at
most SL investigated, although there was a tendency for Ate1 KO myofibrils
to become slower when measurements were made at short SL (~1.8mm).
Overall, these results imply that arginylation is an important mechanism asso-
ciated with force regulation in cardiac myofibrils, and it likely affects contrac-
tile proteins and passive structures within sarcomeres.
